Summary Flower development in apple (Malus domestica Borkh.) extends over two consecutive seasons. During the first season, most shoot apical meristems change to reproductive growth and initiate flowers. After winter dormancy, flower development continues during the second season and ends with anthesis in the spring. To determine the beginning of the transition to reproductive growth at the molecular level and to identify genes involved in this critical phase of flower development, we examined transcript levels of the putative flowering genes MdCOL1, MdCOL2, MdFT, MdSOC1, MdMADS2, MdMADS5, MdTFL1-1 and MdTFL1-2 in vegetative terminal buds of the apple cultivar Pinova during the first season by quantitative real-time PCR. Transcript levels of these genes peaked at the end of April during blooming of coexisting floral buds. Subsequently, there was a large increase in transcription, which started on May 22 for AFL2 and MdMADS2, followed by MdFT and AFL1 one week later. We propose that the increased transcription at the end of May marks the beginning of flower induction. Transcript levels of MdSOC1, MdTFL1-1 and MdTFL1-2 increased at the end of June, suggesting that these genes are involved in flower initiation, which follows flower induction. In contrast, MdMADS5 transcription was too weak to be quantified, and the transcript levels of MdCOL1 and MdCOL2 showed no detectable trends during the study.
Introduction
Flower buds in apple (Malus domestica Borkh.) are borne terminally on fruiting spurs and terminally or laterally on long shoots. The development of flowers extends over two consecutive seasons and consists of several stages including flower induction, flower initiation and flower differentiation during the first season, and ends with blooming during the second season.
Flower induction is the transition of meristem development from vegetative to reproductive growth. This phase is marked morphologically by the broadening of the shoot apex, which starts about 50 days after full bloom. Flower initiation describes the period when a series of histological changes occur that is characterized morphologically by the doming of the shoot apex (Hanke 1981 , Foster et al. 2003 .
In apple, a set of genes has been isolated that may be involved in floral meristem transition based on their sequence identity to known flowering genes of Arabidopsis thaliana L. (Jeong et al. 1999 , Yao et al. 1999 , Kotoda et al. 2000 , Kotoda and Wada 2005 , Esumi et al. 2005 . Overexpression of the LEAFY (LFY ) homologous genes AFL1 and AFL2 (APPLE FLORI-CAULA/LFY ) as well as MdMADS2 and MdMADS5, homologues of the A. thaliana FRUITFULL (FUL) and APETALA1 (AP1), resulted in early flowering in heterologous systems . Conversely, overexpression of the TERMINAL FLOWER1 homologous gene of apple, MdTFL1, in A. thaliana delayed flowering (Kotoda and Wada 2005) . Furthermore, Kotoda et al. (2006) showed that transgenic 'Orion' apple trees with a reduced MdTFL1 transcript level flowered after 8 months, whereas wild-type plants have not flowered in nearly 6 years. These results suggest that MdTFL1 is a floral repressor gene as shown for other TFL1 homologous genes (reviewed by Benlloch et al. 2007) . Previous mRNA expression studies of AFL1, AFL2, MdTFL1 (undefined as 1-1 or 1-2) and MdMADS2 are based on semiquantitative mRNA hybridization methods , Kotoda and Wada 2005 . Generally, these studies focused on the time of flower initiation and differentiation. However, comparable, quantitative transcription analyses of a large set of native flowering genes, including MdCOL1/2, MdFT, MdSOC1 and MdMADS5, at the time of flower induction are missing.
Mainly through genetic analyses in the herbaceous model (Blazquez et al. 1998 , Ferrandiz et al. 2000 , Hepworth et al. 2002 , Moon et al. 2003 , Schmid et al. 2003 , Teper-Bamnolker and Samach 2005 , Yoo et al. 2005 , Searle et al. 2006 . Our objective was to identify the flowering genes in apple that are involved in the earliest stages of flower induction and initiation. We attempted to determine when the transition from vegetative growth to reproductive growth in apple apical meristems begins at the gene transcript level. We isolated the sequences of MdCOL1, MdCOL2, MdFT, AFL1, AFL2, MdMADS5, MdTFL1-1 and MdTFL1-2 from genomic DNA of the apple cultivar Pinova and determined the location of exon-intron sites. Based on these results, primers were designed for these genes and the genes MdMADS2 and MdSOC1, for quantitative real-time PCR analyses. All genes were evaluated at the transcript level in apical shoot meristems collected between April and July, allowing us to compare the mRNA expression of these genes and to determine which of them responds first during flower induction.
Materials and methods

Plant material
Gene isolation was from young leaves of in-vitro-grown shoot cultures of apple cultivar Pinova, subcultured every 6 weeks on MS medium (Murashige and Skoog 1962) supplemented with 30 g l -1 sorbitol, 1 mg l -1 6-benzyl-aminopurine, 1 mg l -1 indole-3-butyric acid and 8 g l -1 agarose and grown in a 16-h photoperiod at a day/night temperature of 22/17°C. Terminal buds in lateral positions on current-year shoots were collected from April to July 2007 from adult 'Pinova' trees growing in the orchard of the Institute of Breeding Research on Horticultural and Fruit Crops in Dresden, Germany. Meristematic tissues of these terminal buds were used for seasonal expression analyses.
Gene isolation
Genomic DNA was extracted from leaf tissue with the DNeasy Plant Mini Kit (Qiagen). Genes were isolated from genomic DNA by PCR with gene-specific primers based on known mRNA sequences from the NCBI database and from sequences obtained in this study (Table 1) . Standard PCR assays were performed in a total volume of 25 µl containing 50 ng DNA, 1× NH 4 -buffer, 1.5 mM MgCl 2 , 0.2 mM dNTPs, 0.5 µM of each primer and 0.5 U Taq DNA polymerase (Invitrogen). The PCR conditions were 35 cycles of 30 s at 94°C, 1 min at 55 to 65°C depending on the primers and 2.5 to 3.5 min at 72°C depending on the gene length. The PCR products were cloned using the TOPO TA Cloning Kit (Invitrogen) and sequenced by MWG Biotech. The length of PCR products was determined by electrophoresis on a 1% agarose gel with a 100 bp molecular size marker (MBI Fermentas).
Partial sequences of AFL1, AFL2 and MdMADS5 were placed together by overlapping sequences. All obtained sequences were aligned using the NCBI BLASTn function (Altschul et al. 1997 ) and the software program LALIGN (Huang and Miller 1991) . Alignments were corrected manually and exon-intron-exon sites were determined by the splicing consensus sequences GT and AG. Predicted coding sequences were translated into amino acid sequences with the software program ExPASy provided by the Swiss Institute of Bioinformatics. The resulting protein sequences were aligned using the NCBI BLASTx function and LALIGN. All gene sequences were processed with the software program Sequin and submitted to the NCBI database.
Expression analysis by quantitative real-time PCR
Terminal buds of current-year shoots were collected from April to July 2007, 4 h after sunrise. Terminal shoot meristems were isolated from these buds and immediately frozen in liquid nitrogen. Total RNA was isolated from 16 to 23 shoot meristems as a mixed sample using the Invisorb Spin Plant RNA Mini Kit (Invitek), followed by a DNaseI treatment (Ambion). In addition, total RNA was isolated from leaves of in-vitro-grown shoot cultures of 'Pinova'. Presence of DNA contamination was tested by standard PCR with 2 µl RNA as template and the primers EF_F 5′-ATTGTGGTCATTGG-(CT)CA(CT)GT-3′ and EF_R 5′-CCAATCTTGTA(AGC)A-CATCCTG-3′, which were specific for the elongation factor gene EF1α of apple. First-strand cDNA was synthesized from 1 µg of total RNA using oligo (dT) 18 primers and the RevertAid First Strand cDNA Synthesis Kit (MBI Fermentas). The success of reverse transcription was verified by PCR of 1 µl of cDNA with primers EF_F and EF_R.
Two µl of the cDNA samples (diluted 1:10) was used as template in a 20 µl real-time PCR assay mix containing 10 µl iQ SYBR Green Supermix (Bio-Rad) and 0.5 µM of each primer. Primers for real-time PCR are listed in Table 1 . Each real-time PCR assay was run on an iCycler iQ Real Time PCR Detection System (Bio-Rad) with an initial denaturation of 5 min at 95°C followed by 40 cycles of 1 min at 94°C, 1 min at 61 to 65°C depending on the primers and 1 min at 72°C. Each cDNA sample was analyzed in three technical replicates. The PCR products were analyzed by melt-curve analysis and agarose gel electrophoresis to verify the presence of a gene-specific PCR product. The melt-curve analysis was per-formed directly after real-time PCR using 80 cycles of 1 min of denaturation at 94°C and 1 min of annealing starting at 55°C with a time increment of 10 s and a temperature increment of 0.5°C after each second cycle. The PCR efficiencies were determined on 10, 20, 40 and 80 µl of DNA or cDNA for each PCR assay. Transcript levels were calculated with the software package Genex (Bio-Rad). All transcript levels were normalized against the mRNA expression level of the refer-TREE PHYSIOLOGY ONLINE at http://heronpublishing.com ence gene β-ACTIN of apple, and presented in relation to the gene transcript levels of in-vitro-grown shoots of 'Pinova'. In-vitro-grown shoots in a juvenile stage of development were used as control tissue. We assumed that detectable transcripts of flowering genes in the in-vitro-grown shoots indicated a basic gene expression level.
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Results and discussion
Cloning and sequence analysis of flowering genes
The flowering genes MdCOL1, MdCOL2, MdFT, AFL1, AFL2, MdMADS5, MdTFL1-1 and MdTFL1-2 were isolated from genomic DNA of 'Pinova'. MdCOL1/2, MdFT and MdTFL1-1/1-2 were isolated in a single-step PCR procedure using specific primers that flanked the coding sequence. AFL1/2 and MdMADS5 were isolated as 5′-partial and 3′-partial sequences using a combination of a flanking primer and an internal primer. The partial sequences were put together by identical overlapping sequences of 303 bp for AFL1, 252 bp for AFL2 and 47 bp for MdMADS5. These flanking primers were tested on cDNA of leaf tissue obtained from in-vitro-grown shoot cultures or young flower buds of 'Pinova'. All obtained PCR products had the correct lengths based on the known mRNA sequences. The isolated sequences were published in the NCBI database. The coding sequences of the isolated genes showed 98.5 to 100% identity to the coding sequences of the corresponding known mRNA sequences isolated from other apple cultivars and 97.9 to 100% identity at the protein level. For MdCOL1/2, a single intron was identified. AFL1/2 contained two intron sequences, MdFT and MdTFL1-1/1-2 contained three introns, and six intron sequences were found for MdMADS5 (Figure 1) .
The intron sequences of MdCOL1, MdCOL2, MdFT, AFL2 and MdTFL1-1 are described for the first time. Identities to published sequences of genes isolated from apple or other plants of the Rosaceae were found for AFL1, MdMADS5 and MdTFL1-2. The two intron sequences of AFL1 showed identities of 90 and 89% to the LFY homologous gene EjLFY (GI:59939426) of Eriobotrya japonica Lindl. No sequence identity was found for the first intron of AFL2 by BLAST, but the second intron showed about 80% identity to the second intron of a LFY homologous gene partially isolated from Vauquelinia californica (Torr.) Sarg. (Oh and Potter 2003) . The six intron sequences of MdMADS5 showed identities of 77 to 98% to the corresponding intron sequences of the AP1 homologous genes EjAP1 (GI:45239431) from E. japonica as well as PpAP1-1 (GI:145693002) from Pyrus pyrifolia Nakai. The intron sequences of MdTFL1-2 showed 98 to 100% identity to MdTFL1-2 isolated from the apple cultivar Fuji (Esumi et al. 2005) .
Two homologous sequences of MdCOL, AFL and MdTFL1 were isolated from genomic DNA of 'Pinova'. The homologous sequences showed identities between 88.3 and 93.6% at the mRNA level and between 85.6 and 90.3% at the protein level, respectively. Alignments of the isolated sequences revealed that the gene pairs were nearly identical in exon length but differed significantly in intron length (Figure 1 ) and intron sequence. These differences indicate a separate evolution of the studied homologous genes, reflecting the polyploid origin of the Maloideae from closely related ancestors (Evans and Campbell 2002, Esumi et al. 2005) .
FT and TFL1 belong to the same gene family, although TFL1 is an antagonist of the floral promoter gene FT. We isolated the complete sequence of MdFT, a homologous gene to FT, from genomic DNA. Until now, only a single mRNA sequence of this gene has been published (Kotoda and Wada 2005) . MdFT consists of four exons and three introns as described for FT homologous genes of A. thaliana and other plants (Kobayashi et al. 1999 , Hsu et al. 2006 . MdFT and FT showed 70.4% identity within the coding sequence and 74.6% identity at the protein level. Furthermore, the coding sequence of MdFT showed about 60% identity to both MdTFL1 genes and about 59% identity at the protein level, assuming that MdFT and MdTFL1 are homologous genes as described for FT and TFL1 from A. thaliana (Hanzawa et al. 2005) .
The specific antagonistic activity of the proteins FT and TFL1 depends on a single amino acid, Tyr-85 in FT and His-88 in TFL1 (Hanzawa et al. 2005) . Comparison of MdFT, FT, MdTFL1-1, MdTFL1-2 and TFL1 revealed that MdFT contains Tyr-84, which corresponds to Tyr-85 in FT, whereas MdTFL1-1 and MdTFL1-2 contain His-84, which corresponds to His-88 in TFL1 (Figure 2 ). These results indicate that the protein MdFT probably acts as a floral promoter and MdTFL1 acts as a floral repressor. In addition, MdFT contains a specific 14-amino acid segment (aa127 to aa141) and a LYN triad as described for FT and FT homologous proteins, which are necessary for FT specific interactors (Ahn et al. 2006 , Faure et al. 2007 ).
The floral repressor protein FLC was previously shown to bind in vivo to a CArG box in the first intron of FT near the 5′-end, suggesting that FLC directly represses FT transcription (Searle et al. 2006) . A putative CArG box (CCAT-TAATTG) was identified in the first intron of MdFT at almost the same position as in FT. However, the putative CArG sequence of MdFT differs minimally from the CArG consensus sequence AA(AT) 6 GG. Thus, it remains to be determined whether the heretofore hypothetical FLC homologue of apple can bind to this sequence and regulate MdFT expression.
Expression analyses of flowering genes
Once apple trees have reached the reproductively competent stage, a portion of vegetative shoot meristems will initiate flowers each year. After a critical chilling period, vegetative buds are released from winter dormancy (Heide and Prestrud 2005) . In Germany, bud break usually occurs at the beginning of April (Figure 3 ). Experimental data indicate that the induction of flower formation occurs during the vegetative phase of bud development (reviewed by Hanke et al. 2007 ); however, little is known about the timing of flower induction or the physiological preconditions necessary to start this phase. To detect the beginning of flower induction at the molecular level and to identify genes involved in floral meristem transition, we compared the transcript levels of 10 flowering genes in apical meristems of current-year spurs from April to July (Figure 3) . Flowering genes, such as CO and FT homologues, respond to the circadian clock (Suarez-Lopez et al. 2001 , Valverde et al. 2004 , Hsu et al. 2006 . To avoid day-specific differences in mRNA expression of light-responsive genes in apple and to facilitate comparison of gene expression in different samples during the season, all buds were collected 4 h after sunrise. Apical meristems were dissected from these buds and used for RNA isolation, followed by cDNA synthesis. Transcript levels of MdCOL1, MdCOL2, MdFT, MdSOC1, AFL1, AFL2, MdMADS2, MdMADS5, MdTFL1-1 and MdTFL1-2 were determined by quantitative real-time PCR.
Unique PCR-products were amplified for each gene with the lengths expected based on the primers used. Transcripts of MdMADS5 were clearly detectable only in samples collected on May 3, July 3 and July 18, therefore, we did not quantify MdMADS5 transcription. The seasonal changes in transcript levels of MdFT, MdSOC1, MdMADS2, AFL1/2 and MdTFL1-1/1-2 are shown in Figure 4 . The mRNA expression of these genes peaked in early spring, decreased until June, then increased again significantly. No trend was detected in the mRNA expression of MdCOL1 and MdCOL2 in apical meristems during the study (data not shown). In studies on the apple cultivar Fuji, it was shown that MdCOL1 and MdCOL2 are transcribed in floral buds (Jeong et al. 1999) . However, the expression pattern in vegetative buds was not investigated. Both genes are putative orthologues of CO from A. thaliana. After flower induction through the photoperiodic pathway, CO TREE PHYSIOLOGY ONLINE at http://heronpublishing.com
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( 1 (Hanzawa et al. 2005) are marked with a diamond. Horizontal arrows mark a conserved 14-aminoacid segment as well as the triad LYN, which are distinctive of FT homologous proteins (Ahn et al. 2006 , Faure et al. 2007 ). is preferentially expressed in phloem tissue of leaves , suggesting that transcription of MdCOL1/2 is probably regulated in leaves but not in apical meristems. Figure 4 shows that the first peak of mRNA expression of the seven genes overlapped with the time of blooming in the apple trees investigated. April 17 was the date of onset of blooming (pink clusters). The full bloom stage was approached on April 25. May 3 was determined as the stage of petal fall, and this was followed by fruit set. The seasonal course of mRNA expression in AFL1 showed the first maximum on April 17, followed by AFL2 and MdTFL1-1/1-2 and 2 weeks later by MdSOC1, MdMADS2 and MdFT. When MdTFL1 reached the highest mRNA expression on April 24, transcription of AFL1 and AFL2 was rapidly reduced. Antisense expression of MdTFL1 results in stronger expression of the flower-inducing genes AFL1 and AFL2 (Kotoda et al. 2006 ). Conversely, strong MdTFL1 expression might cause repression of AFL1 and AFL2 expression. Previous studies of flower induction in A. thaliana and other plants showed that TFL1 homologous genes act antagonistically with floral meristem identity genes such as LFY (AFL1/2) and its homologues (reviewed by Benlloch et al. 2007 ). However, there are no reports describing an effect of MdTFL1 on the flowering genes MdFT, MdSOC1 or MdMADS2. We assume that activation of MdTFL1-1/1-2 and the overlapping expression of these genes from April 24 to May 29 inhibits precocious flower induction after activation of the other flowering genes during blooming.
After the first peak of gene expression during blooming, the transcription levels of MdFT, MdSOC1, AFL1, AFL2, MdMADS2 and MdTFL1 decreased. After the minimum was reached, transcription of AFL2 increased significantly from 1464 HÄTTASCH, FLACHOWSKY, KAPTURSKA AND HANKE TREE PHYSIOLOGY VOLUME 28, 2008 (Figure 4) . Previous studies showed that transcription of FT and LFY homologous genes of woody plants is high during flower induction and that these genes are involved in floral meristem formation (Carmona et al. 2002 , Hsu et al. 2006 . Microscopic studies revealed that, between 39 and 53 days after full bloom, vegetative meristems of apple change to reproductive growth, resulting in a broadening of the shoot apex (Foster et al. 2003 , Hanke et al. 2007 ). This time frame is equivalent to the first half of June; however, the increase in transcription of MdFT, AFL1, AFL2 and MdMADS2 began 1 to 2 weeks earlier, suggesting that flower induction is initiated by these genes just before the first visible morphological changes in the apical meristem occur. MdSOC1 transcription was activated when flower induction had been initiated. In A. thaliana, FT activates SOC1 expression (Yoo et al. 2005) . MdFT may also be responsible for MdSOC1 activation. If so, it would explain the successive increase in MdSOC1 transcription.
Transcription of MdTFL1, undefined as 1-1 or 1-2, is reduced just before floral induction (Kotoda et al. 2003) , and its suppression promotes flower initiation (Kotoda et al. 2006) . Possibly, the low expression of both MdTFL1 genes during June allows the accumulation of transcripts of the other floral promoter genes, resulting in flower initiation. In a second function, TFL1 homologous genes maintain inflorescence development (Benlloch et al. 2007 ). Apple trees develop determined inflorescences. After flower induction, the reproductive apical meristems initiate several lateral floral meristems (Foster et al. 2003) . We assume that activation of MdTFL1-1/1-2 at the beginning of July marks the onset of inflorescence development.
Our study provided insights into the genetic mechanism controlling flower induction and initiation in apple. We identified the involvement of the genes MdFT, AFL1, AFL2 and MdMADS2 in flower induction, whereas MdTFL1 transcription was reduced during this stage. We propose that flower induction occurs at the end of May just before histological and morphological changes can be detected in the meristem. Further studies are needed to identify the environmental and endogenous factors that activate flower induction in apple and the mechanisms by which these factors regulate the flowering genes.
